We propose an orthogonal chirp waveform design for underwater acoustic (UW-A) communications and analyze the cross-correlation characteristics of orthogonal chirp waveforms in coherent and noncoherent detections. We consider information symbols are carried over proposed M -ary orthogonal chirp waveforms for UW-A transmissions. Moreover, we develop a coherent and an optimal non-coherent receivers based on proposed chirp waveforms. Explicit derivations include closed-form expressions for cross-correlation coefficients, and theoretical bit-error-rate (BER) of coherent and non-coherent receivers.
due to their robustness to multipath effect, Doppler spread, and superior correlation characteristics. Applications of UW-A communications include linear chirp signals for packet synchronization and channel estimation [7] , reliable UW-A communications [8] , Doppler estimation and compensation [9] , and feedback link communications [10] .
Nonetheless, linear chirps are not rigorously orthogonal to each other [11] , [12] . To solve this issue, some researchers adopt numerous kinds of chirp-based orthogonal transforms, such as fractional Fourier transform [13] , [14] , and Fresnel transform [15] for providing reliable multiuser and multicarrier communications. However, the drawbacks of these chirp-based transforms are of high computational overhead and demand complex hardware implementations. Therefore, there is still of demand and interest to develop orthogonal chirp waveforms, coherent and non-coherent receivers in UW-A communications.
In this paper, we consider a single-input single-output (SISO) system in UW-A communications that information symbols are carried over M -ary orthogonal chirp waveforms, termed as Orthogonal Chirp Keying (OCK). We develop a coherent receiver capable of processing multipath-affected signals and an optimal non-coherent detector [16] . The orthogonality of chirp waveforms is analyzed, and close-form equations of theoretical bit-error-rate (BER) are derived explicitly. The channel state information (CSI) of the coherent receiver is estimated as complex coefficients using known pseudorandom noise (PN) training sequences. On the other hand, we can design an optimal non-coherent receiver based on proposed orthogonal chirp waveforms without any channel estimation. Then, proposed M -ary orthogonal chirp modulation is implemented with in-house built underwater acoustic modems and BER performance is evaluated in indoor tank experiments.
The rest of the paper is organized as follows. Section II addresses the system model. Receiver designs of coherent and non-coherent receivers are introduced in Section III. Orthogonal chirp waveform design and analysis are presented in Section IV. Experimental results are demonstrated in Section V. Finally, several concluding remarks are drawn in Section VI.
II. SYSTEM MODEL
We consider an underwater communication system that information symbols are carried over M -ary chirp waveforms in UW-A channel. Specifically, the m-th linear chirp waveform is represented as
where T is the symbol duration, f 0 is the initial frequency of the 0-th (m = 0) chirp waveform, Therefore, the transmitted signals in passband are represented as
where E > 0 denotes transmitted energy per symbol, N is the number of symbols,
m=0 is n-th transmitted symbol, and f c is the carrier frequency. In channel model, paths are assumed to be independent and time-variant. The multipath channel model is written as
where P is the number of resolvable paths, h p (t) is the p-th path's amplitude, and τ p (t) is the p-th path's delay.
Each path's amplitude and delay are assumed to be time-invariant for several symbol transmissions. Hence, the received baseband signal after carrier demodulation is given by
where h p √ Eh p e −j2πfcτp ∈ C is the p-th path's energy-including channel coefficient, τ p is the p-th path's delay, and n(t) denotes additive noise.
A PN-training block consisting of antipodal bits {±1} Npn precede chirp symbol block for synchronization and channel estimation purposes. A guard interval T g is inserted between the PN-training and chirp symbol block for avoiding inter block interferences. In addition, we employ gray code for bit mapping of adjacent chirp waveforms for reducing detection errors.
Our problem objective is to design M -ary orthogonal chirp waveforms for coherent and noncoherent receivers for UW-A communications. In the coherent receiver, channel estimation and equalization is required, whereas an optimal non-coherent detection simply match-filters received signals with orthogonal chirp waveforms.
III. RECEIVER DESIGN
Receiver design considerations for a coherent and a non-coherent receivers are presented.
For both coherent and non-coherent detectors, PN-training sequences are utilized for packet synchronization. Then, coherent receiver implements channel estimation, chirp matched filtering, and symbol detection techniques. On the other hand, a non-coherent receiver only conducts matched filtering.
A. Coherent Receiver
We first sample the received baseband signal over the total frame duration N T at the sampling
number of samples. Then, multipath pulses are assumed to extend duration of L P = L + P − 1 pulses. The n-th received baseband vector is written as
where H is the multipath channel matrix
T is the n-th received baseband vector,
is the n-th chirp vector, and n n ∈ C L P is the additive noise.
Channel estimation is conducted by a priori known PN-training sequences. Then, we consider N P = N pn + P − 1 extended pulses, so the received PN-training vector y tr is given by
5 where B tr is a PN-training Toeplitz matrix
T ∈ C P is the multipath channel vector, and n tr ∈ C N P is the noise vector.
Then, multipath channel vector can be solved by the following least-squares (LS) problem
where · 2 denotes the Euclidean norm. For a given PN-training matrix B tr , the solution to (9) is
Under additive white Gaussian noise (AWGN) condition, (10) is the maximum-likelihood (ML) optimal channel estimate [16] .
Based on the estimated channel matrix H, the decision criterion for the n-th transmitted symbol is the chirp vector that maximizes the correlation of the chirp vector and the n-th channel-equalized received vector represented as
arg max
B. Non-coherent Receiver
Since proposed chirp waveforms are orthogonal, an optimal non-coherent receiver [16] is designed as Fig. 1 . Then, the optimal non-coherent receiver in vector form can be represented as where
L is the n-th received vector without extended pulses. The received vector y n match-filters with sampled chirp vectors, respectively. Then, the transmitted chirp vector is decided as the one that maximizes the correlation output.
In the optimal non-coherent receiver, none of any channel estimation or equalization technique is exploited, which implementations become easier. However, the performance of the noncoherent receiver is expected to deteriorate due to lacking of CSI in symbol detections.
IV. ORTHOGONAL CHIRP WAVEFORM DESIGN
The characteristics of the orthogonality of proposed chirp waveforms are analyzed by their cross-correlation coefficients. In addition, theoretical BER values for coherent and non-coherent receivers are derived explicitly.
A. Cross-correlation Coefficient
The cross-correlation coefficient ρ kl of the k-th and l-th
waveforms is derived as
where ∆f are chosen to be multiples of 1 T for guaranteeing orthogonality. The rationale behind the parameters' selection criteria is: for a coherent receiver, ∆f is select to be multiples of
2T
, whereas for non-coherent detection, ∆f is chosen to be multiples of . Since all the cross-correlation coefficients between different chirp waveforms are zeros, so
proposed chirp waveforms constitute a M -ary orthogonal chirp modulation.
B. BER Analysis
On account of the orthogonality of proposed chirp waveforms, BER of orthogonal chirp modulation for coherent detection in AWGN [11] is given by
where E is the energy per symbol, log 2 M is the number of bits per symbol, and
is the variance of additive noise.
On the other hand, BER of the optimal non-coherent detector in AWGN [16] is written as 
